N O T D I S T R I B U T E .
causes. Physiologically, pancreatic islets are highly vascularized and receive ample blood supply, consisting of up to 15% pancreatic blood flow. 4, 5 Vasculature of islets is totally disrupted by the isolation process and isolated islets, especially β-cells in the center of islets, undergo hypoxia following intraportal transplantation. Persistent exposure to hypoxia impaired secretory function of isolated islets and gave rise to central necrosis within the islets both in vitro and in vivo. 6, 7 Mammalian cells respond to low oxygen in adaptive manners. First, cell activities demanding high amount of ATP are declined to conserve energy for maintenance of essential elements for cell survival. Second, cells increase oxygen delivery and enhance glycolysis by expression of genes that are associated with angiogenesis and glucose metabolism. 8 Sustained hypoxia also leads to mitochondriadependent apoptosis in diverse cell types. 9 Bcl-2 and Bcl-x L inhibit apoptosis by keeping mitochondrial integrity and blocking the release of cytochrome C that activates the caspase cascade. Conversely, Bax and Bad are proapoptotic proteins that can cause the release of cytochrome C from the mitochondria. Surprisingly, Bax mRNA was expressed at a higher level in islets, which makes islets susceptible to apoptosis. 10 Besides proapoptotic function, Bad is suggested to function on glucose metabolism by forming a complex with glucokinase. 11 However, the question of how hypoxia influences the changes of apoptosis-related genes in islets remains to be addressed.
Since hypoxia has a profound impact on pathophysiological alterations, it involves a large number of gene expressions by regulating a variety of transcription factors such as hypoxia-inducible factor-1α (HIF-1) and nuclear factor kappaB (NFκB). HIF-1 plays a major role in adaptive responses to hypoxia including vasodilation, glycolysis, angiogenesis and blood oxygenation. 12 NFκB is a central transcription factor for very different biological functions, such as the cellular response to inflammatory stress, cell survival and development. NFκB is also responsive to hypoxia, however, at present the role NFκB plays in islets under hypoxia is elusive. Generally, NFκB is regarded as an anti-apoptotic factor. But depending on cell type and specific stimulus, it also displays pro-apoptotic function. 13, 14 
Introduction
Islet transplantation is an efficient therapy for type I diabetic patients because of sustained release and tight control of insulin after islet transplantation, 1,2 but the requirement of 2 to 4 donors to achieve therapeutic outcome indicates substantial islet loss during the early period after transplantation. Multiple factors such as inflammation, rejection, shortage of oxygen and nutrients, and autoimmunity, may contribute to islet loss, 3 however, hypoxia is one of the leading
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Gene expression of human islets affected by hypoxia. (Fig. 2 ) Next we carried out real-time reverse-transcription PCR to analyze mRNA alterations of representative genes functioning on apoptosis and transcription under hypoxia in human islets. None of the investigated genes showed remarkable changes under normoxia from 2 to 24 hrs incubation. However, hypoxia resulted in diverse changes of mRNA over time.
Apoptotic genes. The mRNA level of Bcl-2 was upregulated at both 2 and 6 hrs hypoxic culture, but downregulation was observed at 24 hrs hypoxic incubation. Another antiapoptotic gene Bcl-x L presented parallel change of mRNA expression to Bcl-2, showing elevation of mRNA at 6 hrs but reduction at 24 hrs hypoxic culture. Surprisingly, Bax mRNA expression was declined significantly at 24 hrs hypoxia while another proapoptotic gene Bad showed consistent elevated expression from 2 hrs to 24 hrs hypoxic incubation.
Transcription factor. The transcription factor pancreatic duodenal homeobox-1 (PDX-1) was analyzed in this study. PDX-1, which mediates the differentiation of β-cells and facilitates insulin secretion, was also reduced at both 6 and 24 hrs incubation of hypoxia. Insulin was reduced significantly at 24 hrs hypoxic incubation.
Hypoxia activates NFκB and elevates the expression of apoptosis-related genes via NFκB. EMSA demonstrated that in b-cells translocation and activation of NFκB was induced on hypoxic incubation from 15 min to 24 hr, but no activation of NFκB was seen under normoxia (Fig. 3) . We next studied the expression of 84 genes that are involved in NFκB pathway by real-time PCR array. Across the panel of 84 gene mRNAs related to NFκB, 11 were induced and 4 were repressed 2-fold or more in human islets incubated for 12 hrs of hypoxia when compared with those incubated for 12 hrs of normoxia. Of these 11 induced mRNAs, 5 genes including CASP1, CASP8, FADD, CFLAR and FASLG are engaged in apoptosis. Similar to the result of the microarray, HSP32 (HO-1) was induced by NFκB with 3.3 fold increase. One of the key enzymes in glycolysis, glyceraldehyde-3-phosphate dehydrogenase (GADPH), was 3.1 fold increased, indicating glycolysis was enhanced under hypoxia through the NFκB pathway. On the other hand, 4 downregulated Similarly, the question of how NFκB affects the gene expressions of islets under hypoxia needs to be clarified.
Even though it was reported that apoptosis or necrosis secondary to hypoxia contributes to islet loss after transplantation, so far the expression and regulation of genes that control cell apoptosis and stress adaptation under hypoxia in islets are not clear. In the current study, we investigated the expression of representative genes in apoptosis and stress response under hypoxia and employed microarray to study global transcriptional profile of MIN-6 cells under hypoxia. The activation of the NFκB pathway was examined by electrophoretic mobility shift assay (EMSA) and real-time PCR array. The analyses of changes of these genes in islets under hypoxia will provide valuable information to direct the protective prevention and decrease islet loss during the earliest period after transplantation.
Results
Effect of hypoxia on gene expression of MIN-6 cells determined by microarray. The global effect of hypoxia on gene expression in β-cells was examined by microarray. Totally, 81 genes were significantly altered at both 6 and 12 hrs hypoxic incubations in the transcriptomal expression analysis. Out of the 81 genes with altered expression, 65 were upregulated and 16 were downregulated. Hypoxia caused altered gene expression of islet cells mainly on genes related to apoptosis (n = 7), glycolysis (n = 15), stress response (n = 5), transcription (n = 5), transport (n = 7) and cell cycle (n = 6) ( Table  1) . Of 7 apoptotic genes affected, 5 were proapoptotic and 4 of them were upregulated. All of genes related to glycolysis and stress response were upregulated. Upregulated genes of stress response mainly belong to the heat shock protein family, especially upregulation of HSP70 after both 6 and 12 hrs hypoxic incubations. For transcription, three of them, which have negative regulation of transcription, were upregulated, the other two were downregulated. In terms of cell growth and cell cycle, 9 genes including vascular endothelial growth factor A (VEGFA) were upregulated, which is consistent with previous findings that VEGF is a hypoxia-inducible gene. For immune response, the expression of interleukin 4 was decreased. Overall, there were clear clusterings of altered genes related to apoptosis, glycolysis and stress response, indicating the regulation of these genes plays a predominant role in the adaptation response of islet cells to hypoxia (detailed data shown in Table 2 in Suppl. data).
Hypoxia results in decrease of DNA synthesis and apparent apoptosis in MIN-6 cells. The capability of DNA synthesis was evaluated by bromodesoxiuridine (BrdU) incorporation (Fig. 1A) . IL-1 treatment gave rise to more than 50% reduction of BrdU incorporation whereas a decrease in the DNA labeling index of 25% was observed in CoCl 2 , IFN and hypoxia-treated groups. Hypoxia followed by normoxia caused around 40% reduction of DNA synthesis.
Terminal Deoxynucleotidyl Transferase-mediated dUTP Nick End labeling (TUNEL) assay is a sensitive method that can detect DNA fragmentation, the irreversible stage of apoptosis. Quantification of fragmented nuclei that were stained by TUNEL assay demonstrated that all treated groups promote apoptosis in MIN-6 cells (Fig. 1B) . More than three-fold increase of apoptosis was identified when β-cells were exposed to hypoxia. However, hypoxia followed by normoxia produced the most severe apoptosis in β-cells. Together, those data strongly suggested hypoxia caused apoptosis and impaired DNA synthesis in β-cells. 
Activation of apoptosis in islets by NFκB on hypoxia genes were classified as signaling pathway and transporter genes. Obviously, PCR array analysis revealed the activation of the apoptosis pathway mediated by NFκB (Table 2) .
Discussion
Our previous study demonstrated hypoxia caused pronounced necrotic change in human islets shown by propidium iodide staining. 3 In this study, apoptosis and DNA synthesis affected by hypoxia were evaluated by TUNEL and BrdU assays in β-cells and islets. Apoptosis was found to be dominant in hypoxic MIN-6 cells. In addition, the function of DNA synthesis was impaired by hypoxia. Interestingly, MIN-6 cells treated by CoCl 2 also showed apparent increase of apoptosis. Since CoCl 2 is a strong inducer of HIF-1, it indicates that HIF-1 activation modulates apoptosis in MIN-6 cells. Furthermore, hypoxia may compromise the function of islets by reducing the expression of PDX-1 and insulin genes. Pancreatic duodenal homeobox-1 (PDX-1), known as IPF-1 in humans, is a homeobox transcription factor that is absolutely required for the development of the pancreas and other foregut structures. The critical role of PDX-1 in the suppression of apoptosis and islet physiological function was reported recently. Partial PDX-1 deficiency results in an increase in apoptosis, with abnormal regulation of islet number and β-cell mass. 15 Hypoxia reduced the expression of PDX-1, which adds to abnormal function and apoptosis in islets. As shown before, release of insulin is declined under hypoxia, which is consistent with decrease of insulin gene expression by hypoxia. 6 Our previous study proved hypoxia may reduce angiogenic capacity of isolated islets by inducing apoptosis of islet endothelial cells. 16 Taken together, hypoxia may inhibit the functions of transplanted islets by inducing apoptosis, reducing DNA synthesis and expression of PDX-1 and insulin and decreasing the angiogenic capacity of islets.
We used gene expression profiling of MIN-6 cells under hypoxia to indentify the downstream cellular or molecular alterations that result from hypoxia and contribute to loss of islets. We have identified 81 differentially expressed transcripts in MIN-6 cells on hypoxia. Noteworthily, the regulation of genes by hypoxia was clustered as stress, apoptosis, transcription, glycolysis and transport ( Table 1) . Several of the genes with increased expression, such as HSP70, HSP32 and VEGF, are very likely involved in adaptive response to hypoxia, similar to trends reported previously. [16] [17] [18] In this study we focused on the apoptosis-related genes, which appear to actively be induced because we found 7 apoptosis-related genes differentially expressed under hypoxia. Then we inspected the gene expression of apoptosis in human islets by real-time PCR. Similarly, hypoxia led to complex changes of gene expression related with apoptosis. Hypoxia elevated Bcl-2 gene expression at 2 and 6 hr and decreased it at 24 hr hypoxic incubation while Bax expression was decreased at 6 hr and reduced significantly at 24 hr hypoxic incubation. On the other hand, Bad showed elevated expression across different time points and Bcl-x L was found to increase only at 6 hrs hypoxia. Those observations correlate with other studies that showed islets could recover from the isolation procedure with high expression of Bcl-2 during in vitro culture 19 and Bax expression diminished in hypoxic cells. 20 Those findings may indicate hypoxia triggered rescue machinery in islets at the early stage by decreasing proapoptotic genes Bax and increasing anti-apoptotic gene Bcl-2. However, over time sustained hypoxia triggered more serious apoptotic reaction that lead to islet loss. This hypothesis was supported by microarray data from MIN-6 cells showing both proapoptotic and antiapoptotic genes were expressed at both 6 and 12 hr hypoxia. NFκB plays a critical role in inflammatory response. The activation of NFκB leads to the expression of genes mediating inflammation, 21 apoptosis 22 and angiogenic response. 21 Coordinate activation of HIF-1α and NFκB was observed to regulate proinflammatory genes under hypoxia. 23 Recently it was suggested that NFκB transcriptionally regulates the activation of HIF-1 under hypoxia. Downstream genes in the NFκB pathway that are upregulated by hypoxia are mainly related to apoptosis, which strongly supports that apoptosis is one of the main mechanisms of islet loss by hypoxia.
In summary, we revealed striking apoptosis in MIN-6 cells by hypoxia. DNA synthesis was also impaired by hypoxia. Microarray analysis on MIN-6 cells disclosed genes regulated by hypoxia are clustered as glycolysis, apoptosis, stress, transcription and transport. Furthermore, the activation of NFκB was detected by EMSA confirming the upregulation of apoptosis-related genes by hypoxia through NFκB. The elucidation of regulatory gene mechanisms by hypoxia may help to enhance graft survival after pancreatic islet transplantation.
Materials and Methods
Isolation of islets and cell culture. The isolation of islets from human pancreas was approved by the Ethics Committee of the subject to hypoxia for 24 hrs or 24 hrs hypoxia followed by 12 hrs normoxia before retrieval for further processing. To compare hypoxia with other known detrimental stimuli to b-cells, we also tested the effect of cobalt chloride (CoCl 2 ), a potent inducer of HIF, human recombinant interleukin-1b (IL-1) and interferonγ (IFN). MIN-6 cells were cultivated in 96-well plates, incubated for 24 hrs, washed once with 10 mM PBS (pH 7.4), and exposed to medium without FCS for 24 hrs. They were then incubated for 24 hrs in DMEM medium with 100 μmol/l CoCl 2 , 100 U/ml IL-1 or 750 U/ml IFN, respectively. During the last 6 hrs of stimulation, 20 μl of a BrdU solution was added and ELISA was performed according to the manufacturer's protocol (Roche Applied Science). cDNA microarray. After 6 h or 12 h of hypoxia, total RNA of MIN-6 cells was extracted and subject to in vitro transcription. The resulting cRNA was hybridized to the Affymetrix Murine Genome Array U74Av2 GeneChip ® containing 12,422 probe sets. Data analysis was performed on three independent sets of experiments using Dchip and SAM.
Microarray data analysis. The number of genes used for the analysis was 12,422 genes on each array. The overall proportion of "present" genes (genes with intensities above a threshold defined by negative control) was 51%. The correlation coefficiency between arrays within first and second experiment and across first and second experiment was calculated in R. Scatter plots while the correlation matrix was plotted in Dchip. Raw data were normalized with RMA in R. Box plots that show the raw intensity levels of the each condition in the first and second experiment. Differential regulation of genes across samples was assessed using Dchip with criteria 0.3 < standard deviation < 10. Commonly and individually regulated genes in the first and second experiment were constructed in Excel by Venn diagram. Arrays were clustered using gene wise and sample wise hierarchical clustering in Dchip. Finally, the functional categories of the differential regulated genes for each cluster were determined using Gene Ontology. Islets were isolated at the Islet Isolation Facility of the third Medical Department using previously described techniques of collagenase digestion and Ficoll purification. 24 The quality of islet isolation was evaluated by trypan blue exclusion, dithizone staining and glucosestimulated insulin secretion to check viability, purity and function as described before. 25 The purity varied from 95-100% and viability was more than 95% for subsequent experiments.
The mouse b-cell line MIN-6 was cultured in Dulbecco's Modified Eagle Medium (DMEM) (Invitrogen, Karlsruhe, Germany) supplemented with 50 mM mercaptoethanol (Invitrogen) and 20% fetal calf serum (FBS) (Sigma-Aldrich Chemie, Seelze, Germany). Cells were incubated at 37°C under conditions of 95% air and 5% CO 2 with medium change every two days.
After overnight culture, islets and cells were exposed to normoxia (5% CO 2 and 95% air) or hypoxia atmosphere (2% O 2 , 5% CO 2 and 93% N 2 ), respectively.
Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining. TUNEL staining was carried out to study the apoptosis in MIN-6 cells. Following exposure to different stimuli, cells were fixed by incubation of 4% formaldehyde for 30 min. After 3 washes in PBS, cells were permeabilized using 0.2% Triton-X (in PBS) for 45 min at 37°C to facilitate staining. Then TUNEL assay was performed according to manufacturer instruction (Invitrogen) and cell nuclei were counterstained with 3 μg/mL Hoechst 33342 for 5 min.
5-bromo-2'-deoxyuridine (BrdU) assay. Changes in DNA synthesis caused by hypoxia were evaluated by BrdU assay. BrdU is a substitute for thymidine and is incorporated into DNA during DNA synthesis. The level of BrdU incorporation that indicates DNA synthetic activity can be quantified by ELISA. Briefly, MIN-6 cells (passages 45-55) were seeded at a density of 3 x 10 3 in 96-well plate and incubated in regular medium for 24 hrs. Subsequently, cells were altered by 12 hrs hypoxia compared to normoxia were analyzed in technical triplicates. Statistical analysis. Statistical analysis was performed by Instat software (GraphPad Instat version 3.0a for Macintosh, GraphPad Software, San Diego California, USA) using one-way analysis of variance (ANOVA) and Tukey-Kramer multiple comparisons test as post test for multiple comparisons and t-test for two groups. Differences were considered significant when p < 0.05.
